Abstract: A compact 1.5 GHz microstrip branch-line coupler with harmonic suppression, using low-pass resonators and meandered lines open stubs, is designed and fabricated in this paper. Both significant size reduction and harmonics suppression are achieved in the proposed structure using U-shape low-pass resonators and meandered lines open stubs.
Introduction
Branch-line couplers (BLCs) are microwave devices that divide or combine power with 90
• phase shifts between two output ports. BLCs are widely used in communication and microwave applications. BLCs are the main blocks in many microwave devices, such as Doherty power amplifiers, balanced power amplifiers, antenna feeding networks, mixers and matched attenuators, and RFID reader modules [1] [2] [3] [4] .
Several techniques such as defected ground structures [5] , shunt open stubs [6] , and resonators [7] [8] [9] have been presented to design couplers with reduction of unwanted harmonic suppression and size.
A compact coupler with discontinuous microstrip lines was reported in [10] . Conventional quarter wavelength lines of this coupler are replaced with compact discontinuous microstrip lines and 60% size reduction is achieved in this work; however, the obtained insertion loss in the pass band is worse than in a conventional coupler. In [11] , a BLC with uniplanar composite right-left-handed transmission lines was reported. Size reduction of 67.5% is achieved in this work but the response of this coupler could not suppress the unwanted harmonics. In [12] , a dual-band microstrip BLC using bended lines was reported. The obtained phase difference in both frequencies of this coupler is not accurate according to the ideal coupler.
A wide band coupler with arbitrary coupling level was reported in [1] . Harmonic suppression is achieved in this work, but the coupler is large.
A compact harmonic suppressed coupler with meander t-shaped line was presented in [13] , but only two harmonics are suppressed and the size reduction is not satisfactory.
Recently, several couplers have been presented with size reduction or harmonics suppression. However, few of them have achieved both size reduction and harmonics suppression.
In this paper a BLC with harmonics suppression and size reduction is designed and fabricated. U-shape resonators and meandered lines open stubs are used to achieve suppression and size reduction in the proposed BLC.
Design of the basic resonator
Four series U-shaped resonators are used to construct the basic resonator for the presented coupler. The proposed layout of the basic resonator is illustrated in Figure 1 [14] .
The basic resonator dimensions are as follows: d = 2 mm, d 1 = 3.5 mm, d 2 = 12 mm, d 3 = 1 mm, d 4 = 0.9 mm, W = 1.5 mm, W 1 = 1 mm, W 2 = 0.7 mm, W 3 = 0.1 mm. The frequency response of the basic resonator is illustrated in Figure 2 . As seen in this figure, the basic resonator is a sharp low-pass filter, and it has a wide suppression band from about 3.5 GHz up to 12 GHz, which is suitable for harmonics suppression. 
Design of the branch line coupler
The conventional BLC, also called a quadrature hybrid, includes four ports and four quarter wavelength transmission lines. In the BLC, the phase difference between two output ports should be 90
• and the ideal insertion losses of the output ports are 3 dB. The conventional BLC has a large size. Replacing two quarter wavelength transmission lines ( λ /4) with the proposed basic resonators results in a strong miniaturization and suppression of the 3rd to 10th harmonics. Meandered lines open stubs are used to provide suppression of the second harmonic, as illustrated in Figure 3 . As seen, this open stub is a meandered line; therefore, this stub could be allocated in the designed BLC and also causes size reduction of the proposed BLC.
In order to suppress the nth order of harmonics the length of the open stub line must be calculated as below:
This open circuit is used to suppressed the second harmonic; therefore, the electrical length of the open stub must be equal to (π /4) 45
• . With the applied substrate (RT/Duroid 5880, with 31 mil (0.787 mm) thickness and ε r = 2.2), the physical length of this stub can be calculated as below: With the applied substrate the ε re parameter is obtained from Eq, (3) and equal to ε re = 1.871. Therefore, the λ g parameter is obtained from Eq. 
Results of the proposed BLC
RT/Duroid 5880 substrate with 31 mil thickness and ε r = 2.2 is used for fabrication of the proposed BLC. A photograph of the fabricated BLC is shown in Figure 6 . Simulation and measured results of the presented BLC are illustrated in Figures 7a-7d . In order to have better results, both EM simulation and circuit simulation are performed. According to the measured results, as seen in Figure 7b , the proposed BLC shows about 28 dB attenuation in the second harmonic, 48 dB attenuation in the third harmonic, 42 dB attenuation in the fourth harmonic, about 35 dB attenuation in the fifth harmonic, 41 dB attenuation in the sixth harmonic, 31 dB attenuation in the seventh harmonic, about 22 dB attenuation in the eighth harmonic, 16 dB attenuation in the ninth harmonic, and 33 dB attenuation in the tenth harmonic. The harmonics suppression levels of the proposed coupler (S21 and S31) for circuit simulation, EM simulation, and measurement results are listed in Table 1 . S31  S21  S31  S21  S31  S21  S31  S21  S31  S21  S31  S21  S31  S21  S31  S21   40  35  20  16  22  37  31  33  42  54  32  37  54  68  50  62  28  30  Circuit  simulation  31  36  22  15  24  37  34  40  41  52  35  36  45  40  46  60  29  45  EM  simulation   33  36  20  16  22  37  31  33  41  51   35  36  46  42  48  62  28 45 Measured Figure 8 shows the output phase difference between ports two and three. As shown in this figure, the phase difference between output ports of the proposed BLC is about 89.5
• .
There is good agreement between the measured and simulated parameters at low frequencies, but at high frequencies the measured parameters are shifted from the design goal, which represents that error for simulation and fabrication is due to the high-frequency parasitic effect. A comparison between the presented BLC and other works is reported in Table 2 . As seen, the proposed BLC shows excellent size reduction and harmonic suppression compared with other studies. 
Conclusions
A compact harmonic suppressed BLC is proposed in this paper. Two low-pass filters and four meandered lines open stubs are applied to miniaturize the size and suppress the harmonics. For verification, the designed BLC is fabricated and the measurement results are compared with the simulation data, which show good agreement. The results show excellent size reduction and harmonic suppression compared with other couplers.
